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Abstract 
 
 
Study on Natural Convection Capability of Liquid Gallium for Advanced Passive 
Decay Heat Removal System 
 
 
Sarah Kang 
Interdisciplinary School of Green Energy 
      The Graduate School 
Ulsan National Institute of Science and Technology 
 
Generation IV reactor design aims for sustainability, economics and safety, as well 
as non-proliferation. The promising, one of advanced reactor concepts is the sodium-
cooled fast reactor or SFR. The safety issues of the SFR are important due to the fact 
that it uses sodium as a nuclear coolant, reacting vigorously with water and air. For 
that reason, there are efforts to seek for alternative candidates of liquid metal coolants 
having excellent heat transfer property and to adopt improved safety features to the 
SFR concepts. This study considers gallium as alternative liquid metal coolant 
applicable to safety features in terms of chemical activity issue of the sodium. 
As liquid metal coolant, liquid gallium has technical advantages such as the low 
melting point (29.76°C) in atmospheric pressure, the high boiling point (2,204°C), the 
low pressure of saturated vapor, a relatively low coefficient of volumetric thermal 
expansion, a chemical reaction safety, a low oxygen reactivity and a low toxicity of 
saturated vapor. The negative reactivity feedback induced by a relatively low thermal 
expansion of liquid gallium ensures the inherent safety of the core. However, it is 
excluded to consider gallium as a primary coolant of the reactor since gallium has a 
higher macroscopic absorption cross section than other liquid metals that adversely 
affects neutron economy.  
The attractive properties ensure that gallium can play an important role in nuclear 
safety as an alternative coolant of the decay heat removal system of the SFR. In 
particular, there is an emphasis to passive safety system in nuclear reactor design so 
that reactors can be made more tolerant of failing, and have less dependence on 
engineers. The passive safety natural convection systems for decay heat removal have 
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several benefits such as simplicity, reduction of the cost and usage problems of pumps. 
They are contributed to set the power plant in a safe and stable condition. 
 
Therefore, this study aims to experimentally investigate the natural convection 
capability of gallium as a feasibility study for the development of gallium-based 
passive safety features. 
 
In this work, the design and construction of the liquid Gallium natural convection 
loops were carried out by using scaling law. Natural convection experiments were 
carried out in the ranges from 0 to 2.53kW and average heat transfer coefficients were 
obtained. 
 
By conducting the natural convection experiments, the performance of gallium can 
be confirmed and compared. 
The errors for the experimental flowrate data were found to be in the average values 
of 40% compared to CFX and 48% compared to calculated value respectively. The 
experimental results of heat transfer coefficient of liquid gallium were compared with 
existing correlations and they were much lower than the correlations. 
The heat removal capability of liquid gallium is better than other liquid metals except 
for sodium and the oxygen reactivity of liquid gallium is much lower than sodium. 
These advantages of liquid gallium can be more suitable to be substituted for sodium 
of PDRC (Passive Decay heat Removal Circuit). If so, liquid gallium will be 
contributed to safety of SFRs and to do that, it will be needed to conduct the natural 
convection experiment for liquid gallium in various experimental conditions.  
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I. Introduction 
1.1 General Backgrounds 
The sodium-cooled fast reactor (SFR) is a concept proposed by the Generation IV and is considered 
as the prime candidate reactor in the medium-term future [1]. The passive heat removal system is one 
of the new concepts of SFRs having advance design features. Because the principle of this system is 
basic laws of physics such as gravity or natural convection, it is able to function without electric 
power or actuation by control equipments. In the decay heat removal system of the SFRs, gallium 
having several advantages can work properly to avoid the interaction between sodium and air. 
Compared to other widely used liquid metals, properties of liquid gallium make it safer and easier to 
handle. The properties of liquid gallium and other liquid metals are indicated in Table. 1.1, 1.2 and 
Fig. 1.1 [2,3,4,5,6].       
1.2 The Objective and Scope of this Study 
 As discussed above, it is suggested that liquid gallium can be substituted to sodium of PDRC as 
shown in Fig. 1.2. The main objective is the study on natural convection capability of liquid gallium 
for advanced passive decay heat removal systems.  
The test loops were designed and constructed to investigate the thermal-hydraulic characteristics of 
liquid gallium. This study used the scaling law for modeling natural convection systems proposed by 
P.K. Vijayan 
 [7] and a tool such as Computational Fluid dynamics Analysis (CFX). The prototype of test loop was 
the Thermal-hydraulic ADS Lead-bismuth Loop (TALL) facility proposed by W. Ma [9]. The 
experiments were performed in two (1/4" and 1/2") rectangular loops and the 1/2" test loop can be 
operated under not only natural convection but also forced convection. To confirm the capacity of 
natural convection heat removal of liquid gallium in the test loops, the flowrate and average heat 
transfer coefficient data were plotted. 
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Table 1.2 Relevant physical properties of liquid gallium [5] 
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Fig. 1.1 Comparison of capture cross sections (Gallium and Sodium) [4] 
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Fig. 1.2 Liquid Gallium as intermediate circuit coolant 
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Fig. 1.3 Liquid gallium and natural convection 
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II. Literature Survey 
 
2.1 Liquid metals as a reactor coolant 
 Because the fast reactors use fast neutrons, it needs no moderator and needs coolants having good 
heat removal capability like liquid metals. The coolant has to possess the compatibility with fuel 
claddings and structure materials, low viscosity and irradiation stability in addition to sufficient heat 
transport capability on the operation region in temperature and pressure. These limitations reduce 
liquid metal candidate coolants to Na, Pb, and PbBi etc [10]. This section of this paper is devoted to 
previous works such as liquid metal experiments and liquid metal cooled fast breeder reactors. 
2.2 Natural Convection Experiments 
2.2.1 Natural Convection of Liquid Gallium 
 D.T.J. Hurle et al. [11] reported an experimental study of the occurrence of temperature oscillations 
in liquid gallium contained in a rectangular boat and heated from the side. The dependence of the 
critical temperature difference across the boat for which oscillations set in upon the boat dimensions 
and upon the strength of a transverse magnetic field was described. A.A. Mohamad et al. [12] 
attempted to combine experimental and full numerical simulations to gain improved understanding of 
some aspects of the flow and natural and mixed convection in a shallow rectangular cavity filled with 
liquid gallium. The results showed that lid motion has a significant effect on the flow and thermal 
structures in the cavity. R.Derebail et al. [13] simulated temperature flow fields in test cell used for 
natural convection experiments in liquid gallium and provided accurate three-dimensional numerical 
simulations and compared to experimental results obtained via the non-intrusive X-ray radioscopy 
technique. This paper described a plot of the average Nusselt number vs the Grashof number 
calculated at the cold wall for the two-dimensional model and three-dimensional model. Using the 
temperature field of the central plane of the three-dimensional model was found to be sufficient to get 
a good numerical solution for comparison with the integrated experimental visualization of the 
temperature field in a narrow gap. T. Tagawa et al. [14] experimentally measured the heat transfer rate 
of natural convection in liquid gallium in a cubical enclosure under an external magnetic field applied 
horizontally and parallel to the vertical heated wall and the opposing cooled wall of the enclosure. The 
average Nusselt number was measured and found to increase when a moderate magnetic field is 
applied, but to decrease under a stronger magnetic field. This result meant that the heat transfer rate 
had a maximum value at a certain moderate magnetic field. Y. Yamanaka et al. [15] reported an 
experimental investigation of the average rate of heat transfer as well as the oscillatory span-widths of 
the Nusselt number and the Rayleigh number in a layer of liquid gallium. A. Juel et al. [16] studied 
free convective flow of gallium in a small aspect ratio rectangular differentially heated enclosure. The 
amplitude of the vertical temperature profiles was plotted as a function of the Grashof number. There 
was excellent qualitative agreement between the experimental data and those from the three-
dimensional calculations for the dependence of convective heat transport on Grashof number. B. Xu et 
al. [17] presented an experimental study on temperature gradient induced natural convection in 
gallium. The obtained velocity and temperature distributions were compared with numerical 
simulations and reasonably good agreements were achieved. 
 As a result of literature survey of natural convection for liquid gallium, there isn’t experimental 
study in a natural convection loop.          
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2.2.2 Natural Convection for Liquid metals 
2.2.2.1 Sodium 
 K. Hata et al. [18] obtained systematically the experimental data of natural convection heat transfer 
from a horizontal test cylinder in liquid sodium for Rayleigh number ranging from 41 to 25650 and 
examined whether the experimental results can be describe by the existing correlations or not by 
comparing them with the correlations. The natural convection heat transfer correlation of Churchill 
and Chu, that of Hyman et al. and that of Sugiyama et al. unpredicted the experimental results about 
20%, from 43-66%, and from 8 to 14%, respectively. J.D. Jackson [19] presented a theoretical model 
that was influenced of buoyancy on turbulent heat transfer to liquid sodium flowing in a vertical pipe. 
In this paper, the equations for laminar and turbulent free convection to liquid sodium were obtained 
as below. 
Nu = 0.675(Gr ∙ Pr )  .                                                             (1) 
Nu = 5 + 0.4(Gr ∙ Pr )  .                                                           (2) 
 
2.2.2.2 LBE 
 Q. Wu et al. [20] focused on the linear stability analysis of asymmetrical natural convection loops 
with large temperature variations across the heated core. This study targeted the Argonne lead loop 
facility (ALLF) using lead-bismuth eutectic (LBE). The results indicated that a forward flow can be 
linearly unstable if Reynolds number exceeds certain critical limit (Re>260,000) beyond the design 
limit of ALLF. W. Ma et al. [21] designed and constructed the test facility to investigate the thermal 
hydraulic characteristics of LBE. The experiments showed that the maximum flowrate for the natural 
circulation was ~0.5kg/s, resulting in heat removal of ~15kW from the core tank. The analysis 
performed with the RELAP5 code is in reasonable agreement with the experimental data. 
2.2.2.3 NaK  
 H.O. Buhr et al. [22] reported temperature profile measured in the NaK eutectic was reported for 
vertical flow in pipes under conditions of constant heat flux. This profile was used to determine the 
ratio of eddy diffusivities and the Nusselt number for liquid metals in the Reynolds number range 
from 3 × 10  to 3 × 10 .  
  
2.3 Passive Decay Heat Removal System 
2.3.1 Fast Breeder Reactors 
 The breeding means that more than one fissile atom is produced for every fissile atom consumed. As 
shown in Fig. 2.1, it can be observed that in the intermediate energy range from about 1eV to 100keV 
for 235U and from about 10eV to 20keV for 239Pu, the value of η falls below 2. Breeding cannot be 
achieved when these isotopes are used to fuel a reactor in which most of the fissions occur at these 
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energies. Above about 100keV, as indicated in Fig. 2.1, η which is equal to the number of neutrons 
released in fission per neutron absorbed by a fissile nucleus rises to values substantially above 2 for 
all three of the fissile fuels. As far as the value of η is concerned it should therefore be possible to 
breed with these fuels provided the reactor is designed in such a way that the bulk of the fissions are 
induced by neutrons with sufficiently high energies. Reactor type are called fast reactors or, since they 
are usually designed to breed, fast breeders [23]. Table 2.1 indicates the design features for fast 
reactors in several countries [24]. 
 2.3.1.1 Sodium-cooled Fast Reactors (SFRs)  
The 500MWe Indian pool type Prototype Fast Breeder Reactor (PFBR), is provided with two 
independent and diverse Decay Heat Removal (DHR) systems viz., Operating Grade Decay Heat 
Removal System (OGDHRS) and Safety Grade Decay Heat Removal System (SGDHRS) as shown in 
Fig. 2.2(a) [25]. SGDHRS consists of four independent thermo-siphon loops dipped in the hot pool of 
the main vessel, each having 8MW heat removal capacity (at a hot and cold pool temperature of 820K 
and 670K), It is a passive system except for the air dampers on the air-side. Heat transfer in the 
primary circuit, i.e., from core to the Decay Heat eXchanger (DHX) is by natural convection. The 
primary sodium flow path is through core, IHX, PSP, primary pipe and grid plate. A schematic of 
DHR in PFBR is given in Fig. 2.2(b) [26]. In the European Fast Reactor (EFR) project, the main 
strategy for decay heat removal was still based on direct reactor cooling (DRC) systems, with 
immersed coolers in the hot pool connected to sodium-air heat exchangers as shown in Fig. 2.3. Three 
DRC systems could operate in forced convection with electromagnetic pumps on the secondary circuit 
and three other DRC systems had to operate in natural convection, the air circuit was designed to 
operate in natural convection with a sufficiently high air stack [27]. The Residual Heat Removal 
System of the KALIMER is composed of two Passive Decay heat Removal circuits (PDRCs) and two 
Active Decay heat Removal circuits (ADRCs). If the normal heat transport path is not available, 
ADRCs and PDRCs are used to remove the decay heat of the reactor core. The ADRC is a safety-
grade active system, which is comprised of two independent loops with single sodium-to-sodium 
DHX immersed in hot pool region and single forced-draft sodium-to-air heat exchanger located in the 
upper region of reactor building. The PDRC is a safety-grade passive system, which is comprised of 
two independent loops with single sodium-to-sodium DHX and single natural-draft sodium-to-Air 
Heat eXchanger (AHX) as shown in Fig. 2.4(a) [28]. When the primary pump shuts down following a 
reactor trip the cold pool level rises up to the hot pool level as shown in Fig. 2.4(b). The primary 
sodium is then expanded due to the accumulation of the core decay heat. The expanded sodium 
consequently overflows into the cold pool through the shell-side DHX [29].  
 2.3.1.2 Lead-bismuth eutectic-cooled Fast Reactors (LFRs) 
Fig. 2.5 shows a schematic of the decay heat removal system of Pb-Bi cooled direct contact boiling 
water small fast reactor (PBWFR). Pb-Bi circulates in the secondary loops in natural circulation flow 
at the flow rate of 6.88 × 10 kg/h. The reactor vessel auxiliary cooling system (RVACS) has the 
cooling performance of 1MWth. Decay heat in the core is transmitted by radiation from the reactor 
vessel to the guard vessel wall, and cooled by natural convection of air in the gap between the guard 
vessel and the insulation wall [30].   
 2.3.1.3 Gas-cooled Fast Reactors (GFRs)    
 Fig. 2.6(a) shows Gas Turbine-Modular Helium Reactor (GT-MHR). The heat from the reactor is 
first transferred to the external surface of the heat transfer element by radiation and convection. The 
transferred heat is dispatched to the air which is driven by the natural circulation head, and the heated 
air is discharged to the atmosphere. To improve heat transfer capacity, Liquid Metal Filled Decay Heat 
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Removal System (LFDRS) is devised in the RCCS design for the reduction. In this approach, a 
container enclosing the reactor vessel is installed outside the reactor vessel with a gap between this 
container and the reactor vessel as shown in Fig. 2.6(b). The container can work as a part of the 
containment boundary. The gap is filled with liquid metal that is chemically stable with air, helium 
and steel. At the outside of the container, a cooling air path is formed and the surface of the container 
is cooled by the air, which is driven passively by the natural circulation [31]. 
2.3.2 Light Water Reactors 
 2.3.2.1 SWR 1000 
Supercritical Boiling Water Reactor (SWR-1000) has several passive safety systems. 4 of the 8 main 
Safety Relief Valves (SRV) are designed according to the pressurization principle, but for diversity 
reasons, the others are designed according to the depressurization principle as shown in Fig.2.7. The 
Emergency Condensers (ECs) function as completely passive devices for residual heat removal from 
the Reactor Pressure Vessel (RPV) to the Core Flooding Pool (CFP). The heat exchanger tubes of the 
ECs are submerged in the CFPs and are filled with water when the water level in the RPV is normal. 
If reactor water level should drop, the water drains from the tubes. Steam from the reactor then enters 
the tubes and condenses, the resulting condensate flows back into the RPV due to gravity. The 
Containment Cooling Condensers (CCCs) remove residual heat passively from the containment 
atmosphere to the shielding/storage pool located above the containment. The CCCs are actuated by 
rising temperatures in the containment. The system consists of 4 CCCs. Each heat exchanger consists 
of tubes slightly inclined to horizontal. The condensers are connected to the shielding/storage pool via 
an inlet to the lower end and a discharge line at the higher end as shown in Fig. 2.7. Since the system 
functions entirely passively as a function of the thermal gradients no actuation is necessary for start-
up. The interconnected CFPs act as a heat sink for the ECs and the SRV system. The CFPs are located 
above the pressure suppression chamber, and the approximately 2/3 filled with water. The Passive 
Pressure Pulse Transmitter (PPPT) consists of a small heat exchanger that is connected to the reactor 
via a non-isolatable pipe. At normal water level in the RPV, the primary side of the heat exchanger is 
filled with water, which results in no heat transfer taking place. When the RPV water level drops 
below a certain level, the primary side of the PPPT fills with stream, which condenses and drains back 
to the RPV. The water stored on the secondary side is thereby heated and partially evaporates, leading 
to a rapid pressure rise. The pressure rise triggers the safety functions via diaphragm pilot valves [32].    
2.3.2.2 AP1000 
 The AP1000 passive safety design is contained within three plant-level systems, the Passive Core 
Cooling System (PXS), the Passive Containment Cooling System (PCS), and the Automatic 
Depressurization System (ADS). The PXS is comprised of several sub-systems such as Passive 
Residual Heat Removal (PRHR), Core Makeup Tanks (CMTs), accumulators, In-containment 
Refueling Water Storage Tank (IRWST) and containment recirculation sump as shown in Fig. 2.8(a). 
The AP1000 utilizes a natural circulation heat exchanger as the principal means of removing decay 
heat. The heat exchanger is submerged in the IRWST and is equipped with two redundant CMTs, 
which operate through natural circulation and gravity injection to deliver borated inventory to the 
Reactor Cooling System (RCS). Condensation inside of the containment vessel returns to the IRWST 
and containment sump. The ADS consists of remotely operated valves that function to reduce RCS 
pressure and equalize pressure in the RCS relative to the containment atmosphere. The PCS is 
designed to remove heat from inside the containment to the environment by using the steel 
containment vessel as a heat transfer surface. Under accident conditions, heat is conducted through 
the shell and rejected to air inside flow passages built into the shield building. To augment heat 
removal, water is applied to the top of the containment, which promotes evaporative heat transfer. The 
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combination of convective heat transfer to the air and evaporative heat transfer from the water film 
effectively removes heat from the containment as shown in Fig. 2.8(b) [33].   
2.3.2.3 Advanced Power Reactor Plus (APR+) 
 As SWRs, the Passive Auxiliary Feedwater System (PAFS) has been adopted in the APR+ by 
completely replacing the existing active Auxiliary Feedwater System (AFS). The PAFS cools down 
the secondary system by condensing the steam in nearly-horizontal U-tube heat exchangers 
submerged inside the Passive Condensation Cooling Tank (PCCT), as schematically as shown in Fig. 
2.9 [34].  
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Fig. 2.1 Variation of η with energy for 233U, 235U and 239Pu [23]   
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(a) 
 
 (b) 
 Fig 2.2 (a) Schematic of safety grade Decay Heat Removal system [25], (b) Schematic of passive 
DHR system of PFBR [26] 
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(a) 
 
(b) 
  
Fig. 2.3 (a) DRC systems in natural convection of EFR (b) EFR vessel and decay heat removal system 
[27] 
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(a) 
  
(b) 
Fig. 2.4 (a) Configuration of Heat Transport System of 1200MWe Gen IV SFR (b) Configuration and 
DHR process of PDRC [28,29] 
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(a) 
 
(b) 
Fig. 2.5 (a) Guard vessel and pressure boundary (b) PBWFR plant flow diagram [30] 
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(a) 
 
(b) 
Fig. 2.6 (a) RCCS configuration of GT-MHR (b) Structure of the new design LFDRS [31] 
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Fig. 2.7 Passive safety in SWR 1000 action [32] 
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(a) 
 
Fig. 2.8 (a) AP1000 Passive Core Cooling and Automatic Depressurization Systems (b) Passive 
Containment Cooling System [33] 
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Fig. 2.9 Concept of the passive auxiliary feedwater system (PAFS) for APR+ [34] 
(MSIV : Main Steam Isolation Valve, MFIV : Main Feedwater Isolation Valve) 
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III. Experimental Methods 
 
3.1 Experimental Setup 
 3.1.1 Natural convection rectangular test loops 
 The experiments were performed in two rectangular loops. The prototype of the test loop was the 
TALL test facility as shown in Fig. 3.1.[8] Based on the scaling laws, the tubes of the test loop were 
made of 316L stainless steel with outer diameters of 1/4" and 1/2", respectively. The theoretical 
investigation suggested the following scaling laws for single-phase natural convection:  
(Gr ) = (Gr )                                                                 (3) 
(St ) = (St )                                                                  (4) 
  
  
=
  
  
=
  
  
=
(  ) 
(  ) 
                                                            (5) 
where, Grm is the modified Grashof number, Stm is the modified Stanton number, L is the total 
circulation length, D is the inside diameter, H is the loop height, and Lh is the heater length of the loop 
[7]. Table. 3.1 shows the dimensions of each test loop.  
 The chosen similarity group is defined as below: 
Gr =
  ρ β   
μ    
=
              
             
                                                    (6) 
St =
    
      
                                                                   (7) 
 Using eq. (6), the power range can be checked as shown in Table. 3.2.  
3.1.1.2 1/4" Test Loop   
 The 1/4" test loop was constructed based on the primary schematic as shown in Fig. 3.2. The 
heating section (red part) was located lower than the cooling section (blue part) to occur natural 
convection easily. Fig. 3.3 shows KJP-1000NL (900W) DC power supply and ADRC08 refrigerating 
bath circulator.  
 Fig. 3.4 shows the entire schematic of 1/4" test loop. Because of the low melting point of gallium, 
the entire temperature of test loop must be maintained above 30°C. Therefore, heating cables was put 
on test loop to maintain temperature as shown in Fig. 3.4(b). Fig. 3.5 indicates the 1/4" test loop 
connected to the DC power supply and refrigerator bath circulator. The temperatures of the fluid of 
the test loop were measured by six 1.6mm diameter K-type thermocouples. The Data Acquisition 
System (DAS) was employed. 
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3.1.1.3 1/2" Test Loop 
 The 1/2" test loop was constructed based on the schematics as shown in Fig. 3.6 and Fig. 3.7 
drawn by 2D and 3D programs, respectively. As 1/4" test loop, the use of DAS, refrigerating bath 
circulator and thermocouples to measure temperature. The heating section was different from heater 
used in 1/4" test loop. The heating method of 1/2" test loop was selected for indirect heating as shown 
in Fig. 3.8. The 1/2" test loop can be operated under natural and forced convection conditions as 
shown in Fig. 3.9. To measure natural and forced convection flowrate, the orifice and Coriolis mass 
flowmeter were used respectively. Thirteen 1.6mm diameter K-type thermocouples were used to 
measure the surface temperature of tube in a heating section to calculate heat transfer coefficient as 
well as temperature of liquid gallium in tube. All operations of the heater, pump, dp transmitter and 
Coriolis mass flowmeter were controlled by two electrical panels. Table 3.3-5 show the information 
on the 1/2" Loop.  
  
3.2 Experimental Procedures 
 Liquid gallium was melted using hot plate to maintain liquid-phase as shown in Fig. 3.10 and then 
injected into the inlet of the furnace. The heating cables were operated to raise entire temperature of 
the test loops and temperature of refrigerating bath circulator was controlled simultaneously. 
After finishing injection of liquid gallium, the heater and valves in 1/4" test loop and the heater and 
pump in 1/2" test loop were initially used to circulate the liquid gallium through the loop to drive out 
the dissolved air. During this initial run, the loop was vented ever so often. 
After the liquid gallium flows to the heater through a vertical pipe, it traveled through the upper 
horizontal pipe and then flowed to the heat exchanger where it was cooled. The liquid gallium leaved 
the heat exchanger and flowed to the orifice which is placed on the lower horizontal pipe. 
The experiment data were collected and saved to computer from the thermocouples, dp transmitter 
and Coriolis flowmeter. 
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Fig. 3.1 Schematic of the TALL test facility [8] 
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Fig. 3.2 Primary schematic of Test Loop 
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         (a)                                     (b) 
Fig. 3.3 The parts of 1/4" Loop: (a) KJP-1000NL power supply and (b) ADRC08 Refrigerating bath 
circulator 
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(a)                  (b) 
Fig. 3.4 1/4" Test Loop   
 
Fig. 3.5 1/4" Loop and Data Acquisition System  
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Fig. 3.6 Schematic of the 1/2" Test Loop (1) 
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Fig. 3.7 Schematic of the 1/2" Test Loop (2) 
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Fig .3.8 Design schematic of heating section of 1/2" Test Loop 
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Fig. 3.9 General view of the 1/2" Test Loop 
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Fig. 3.10 Liquid gallium preparation using hotplate 
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Table. 3.1 The dimensions of the Test Loops 
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Table. 3.2 The experiment power range by calculating using scaling law 
 
 
 
 
Table. 3.3 The number of tube fittings and valves 
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Table. 3.4 The revised dimension of 1/2" Test Loop 
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Table. 3.5 The information of components in 1/2" Test Loop 
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IV. Results & Discussions 
4.1 1/4" Test Loop 
 4.1.1 Preliminary experimental evaluation of liquid gallium 
  Before doing the experiment about the gallium, distilled water was used as working fluid. The test 
loop was operated under atmospheric pressure. The experimental conditions were as follows: heat 
input power to the heating section Q= 20W during operating time, 7020s. The temperature 
distributions were obtained as shown in Fig. 4.1(a)-(d). TIN_core and Tout_core indicated the temperature 
of inlet and outlet of heater, TIN_HX and Tout_HX indicated the temperature of inlet and outlet of heat 
exchanger and Thigh and Tlow indicated the temperature of a upper and lower horizontal pipe. The 
flowrate of distilled water was occurred irregularly and confirmed using a rotameter.  
 4.1.2 Experimental evaluation of liquid Gallium 
Fig. 4.1(a)-(d) show the temperature distribution of liquid gallium of natural convection. At the 
beginning of Fig. 4.2, the temperature of the test loop increased due to heating cables wound on a 
heating section and entire test loop. The temperature picked at maximum level for around 2500s, and 
then decreased because liquid gallium is injected. The temperature distribution result in increasing 
temperature difference between the upper  T      and lower (T   ) horizontal parts, which acted as 
the buoyancy force of natural convection. Because the flowrate of liquid gallium can’t be confirmed 
exactly, it was calculated using the temperature data as shown in Fig. 4.3. As shown in Fig.4.2 (a)-(d) , 
the natural convection of liquid gallium was occurred at about 3500s. 
Based on experience of construction and experiment of 1/4" test loop, the 1/2" test loop was 
designed and constructed including dp transmitter, orifice and coriolis flowmeter to measure natural 
convection flowrate exactly.    
   
4.2 1/2" Test Loop 
4.2.1 Preliminary experimental evaluation of liquid gallium 
 Under natural convection conditions, the test loops operate without a pump and the flow is driven 
entirely by the buoyancy-generated power head. The density dependence on temperature can be 
assumed linear so that in general [35]:  
ρ = ρ [1 − β(T− T )]                                                            (8) 
 where, ρ  is a reference density at a reference temperature T  and β is the expansion coefficient, 
which equals (−∂ρ/ ∂T)/ρ. 
In natural convection conditions, the buoyancy pressure and frictional pressure drop are considered.  
∆P = (ρ  − ρ   )    g∆L = βρ ∆T g∆L                                            (9) 
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∆P = C 
 ̇ 
   
=
 
 
R
( ̇)   
  
                                                          (10) 
where, ṁ  is the mass flow rate in the loop and C ≡ R(ṁ)
   is the hydraulic resistance 
coefficient.  
Assuming that the temperature variation round the loop is such that the density variation is relatively 
small so that ρ ≅ ρ , 
 
 
R
( ̇)   
  
=  βρ ∆T g∆L                                                         (11) 
 Therefore for a given temperature difference the mass flow rate may be obtained and anticipated 
before doing the experiment, 
ṁ =  
     ∆  
   
 
 / 
                                                              (12) 
 where, β is the coefficient of thermal expansion, ρ is the density, g is the gravity, Q is the power, 
ΔH is the elevation difference between the center of heater and heat exchanger, R is the flow 
resistance parameter, C  is the specific heat capacity.   
R =
  
 
 
    
 
 
  
∑  
ℓ   
        
                                                           (13) 
 Where, L  is the total length of test loop, b is the constant (laminar : 1, turbulent : 0.25), p is the 
constant (laminar : 64, turbulent : 0.316), N  is the geometric parameter as shown in eq. (15) and 
(16).  
Re  = 1.96  
   
  
 
 / .  
                                                           (14) 
N =
  
 
∑  
ℓ   
        
                                                               (15) 
 Fig. 4.4 shows the expected and experimental data between 0 and 2.2kW using eq. (12). The natural 
convection flowrate is the function of flow resistance parameter R as shown in eq. (13). Fig. 4.5 
shows the expected flowrate value according to flow resistance parameter. Compared to the expected 
value, experiment can be confirmed to really have a larger flow resistance parameter.     
 4.2.2 Experimental evaluation of liquid Gallium 
 4.2.2.1 Computational fluid dynamics analysis 
A finite element approach was used in this study for the analysis of the steady-state conditions that 
was reached when natural convection becomes the main driven force as cooling mechanism. The 
simulation was done in a 2D geometry as shown in Fig. 4.6. The modeling simplification had been 
divided heater, heat exchanger, and two horizontal parts instead of a fully geometry description.  
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 4.2.2.2 Numerical Calculations & Experiments 
Fig. 4.7 shows the calculated heat transfer coefficients of sodium, gallium, lead and LBE by heat 
input power using eq. (16) and (17). Eq. (16) is a correlation that may be applied over the entire range 
of Ra  has been recommended by S.W. Churchill et al [36]. 
Nu      =  0.825 +
 .      
 / 
   ( .   /  ) /   
 /   
 
                                             (16) 
Ra =
      
  
                                                                  (17) 
where, L is the height of 1/2" Test loop, υ is the kinematic viscosity, α is the thermal diffusivity. 
As shown Fig. 4.7, the heat transfer coefficients of liquid metals were evaluated by thermal 
conductivity.    
 4.2.2.3 Comparison of the experimental results with those by other workers 
Fig. 4.8 shows the flowrate comparison with experimental results CFX and calculated value using eq. 
(12) and the errors for the three validations were found to be in the average values of 40% compared 
to CFX and 48% compared to calculated value using eq. (12) respectively.  
 The experimental results of heat transfer coefficient of liquid gallium were compared with S.W. 
Churchill et al. (eq. (12)), eq. 18 predicted natural convection correlations at low Prandtl numbers 
such as liquid metals proposed by E.M. Sparrow et al. [37], eq. 19 about the solutions 
(glycerol+CuSo4+H2SO4) proposed by M.G. Fouad et al. [38], eq. 20 about sodium for turbulent free 
convection proposed by J.D. Jackson [39] and eq. 21 about the cupric acid-copper sulfate 
(H2SO4+CuSO4) proposed by Kang et al [40]. As shown in Fig. 4.9, the experiment results were much 
lower than the correlations. 
0.5497 =
  
(     
 ) / 
                                                            (18) 
Nu = 0.31(Gr ∙ Pr) .                                                            (19) 
Nu = 5 + 0.4(Gr ∙ Pr ) .                                                        (20) 
Nu = 0.11Ra .  ∙ Pr .                                                          (21) 
where, Pr is the Prandtl number (Prliquid gallium=0.027).  
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(b)  
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(c)  
 
 
(d) 
 
Fig. 4.1 The temperature distributions of distilled water: (a) The entire temperature distribution of 
1/4" Test loop (b) the temperature differences between outlet and inlet of heater (T   − T  )     (c) 
between outlet and inlet of heat exchanger (T   − T  ) . .  (d) between a upper and a lower 
horizontal pipe  T    − T              .    
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(a) 
 
 
(b) 
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(c) 
 
 
(d) 
 
Fig. 4.2 The temperature distributions of liquid gallium: (a) The entire temperature distribution of 1/4" 
Test loop (b) the temperature differences between outlet and inlet of heater (T   − T  )     (c) 
between outlet and inlet of heat exchanger (T   − T  ) . .  (d) between a upper and a lower 
horizontal pipe  T    − T              .    
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Fig. 4.3 The calculated natural convection flowrate of liquid gallium in 1/4" Test loop using 
temperature data 
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Fig. 4.4 The expected and experimental flowrate of distilled water in 1/2" test loop 
 
 
 
Fig. 4.5 The expected value of natural convection for distilled water in 1/2" test loop 
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Fig. 4.6 Temperature contours in the 1/2" Test loop for natural convection 
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 Fig. 4.7 The calculated value of heat transfer coefficient of liquid metals using eq. (16) 
 
 
 
 
Fig. 4.8 The experimental results in 1/2" test loop of natural convection flowrate with CFX and eq. 
(12) 
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Fig. 4.9 The experimental results of heat transfer coefficient compared with eq. (16) and (18)-(21) 
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V. Conclusions & Recommendations 
5.1 Conclusions 
 Motivated by the increasing interest in passive safety of SFRs, the study on natural convection 
capability of liquid gallium in the test loops was carried out. The following conclusions are 
summarized based on experiment results. 
l It was suggested that liquid gallium can be substituted for sodium of PDRC to enhance the 
safety of nuclear power plants. 
l The test loops were designed by the scaling law and operated in the ranges from 0 to 
2.53kW. 
l During the experimental process, the performance of liquid gallium was observed. 
l The experiment data were lower, but they show the agreement of the tendency compared to 
the correlations.  
  
5.2 Recommendations 
 Natural convection experiment data for liquid metals are lower than those of water. Among the liquid 
metals, the experiment data for liquid gallium are minimal. To be applied to next generation Gen IV 
reactors, experiment data for liquid gallium will be needed in various experimental conditions.  
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